ABSTRACT:
Introduction
Since the first papers to describe the electrical properties of monolayer graphene appeared almost a decade ago, 1 the study of two-dimensional (2D) nano-materials has become one of the most vibrant areas of materials science. In the early days, much of the excitement was driven by the unprecedented properties of graphene itself. 2, 3 However, more recently awareness has grown that a wide range of 2D materials can be envisaged. 4 Such materials are not normally found in a 2D form, but consist of planar nanosheets stacked together to form layered crystals. These compounds can be grouped into families such as the metal chalcogenides, [5] [6] [7] the metal oxides 8, 9 and the phyllosilicates 10 which include wellknown materials such as MoS2, layered MnO2 and mica as well as less familiar forms such as VSe2, MoO3 and kaolinite. The large number of layered materials provides scope for the production an equally wide range of 2D systems with a very broad pallet of properties.
While 2D materials can be produced by micromechanical cleavage of layered crystals 11, 12 or bottom-up 13, 14 growth methods such as chemical vapour deposition, these methods are unsuitable for many practical applications. A number of areas, especially those involving the formation of thin films or composites, require exfoliation methods which give relatively large quantities of materials in a processable form. In such cases, the most appropriate method for producing 2D materials is liquid exfoliation. 4 This technique is extremely useful because it gives liquid-suspended nanosheets which can then be processed into films, composites or other structures. It has proven very successful in exfoliating a wide range of layered crystals including graphite, metal chalcogenides and metal oxides. 4 While a number of distinct liquid exfoliation technologies exist, 4 probably the simplest is liquid phase exfoliation which involves sonicating the layered crystals in certain stabilising liquids. 4, [15] [16] [17] The sonic energy tends to exfoliate 18 the crystals to give nanosheets stabilised against aggregation by interaction with the liquid. 15 The stabilising liquids can be certain solvents 16, 17, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] or solvent blends 31, 32 , aqueous surfactant solutions 33-36 or polymer solutions. 37, 38 Both surfactant-and polymer-stabilisation are due to repulsive forces between adjacent polymer-or surfactant-coated nanosheets. Solvent stabilisation is simpler -it is believed that solvents with the correct surface-energy or solubility parameters bind by van der Waals interactions to nanosheets with strengths that are similar to the inter-nanosheet binding strength. 39 This dramatically reduces the net energy cost of exfoliation. These the aim of demonstrating the possibility of producing stably suspended nanosheets at reasonably high concentration.
Here we identify MoO3 as a promising candidate for solvent exfoliation (see figure   1A for structure). This material is a layered compound that occurs naturally as the mineral molybdite. Bulk MoO3 is commercially available and widely abundant. As such, it is used extensively as a catalyst and in the production of Mo metal. While the atoms within MoO3 monolayers are bound together by chemical bonds, the inter-nanosheet interaction is dominated by van der Waals forces, implying this material to be suitable for liquid phase exfoliation. 46, 47 Critically, MoO3 is a single valence compound (i.e. a 4d0 Mo(VI) compound)
consisting of uncharged layers without the need for counter ions. 48, 49 This makes it suitable for exfoliation in appropriate solvents or indeed using surfactant or polymer solutions. This is particularly interesting, as ion exchange methods that have proven successful for other layered oxides, cannot be applied to MoO3. The ability to exfoliate this material is important, as nano-structured MoO3 is expected to be a valuable component in a number of applications including electrodes in supercapacitors [50] [51] [52] and Li ion batteries. [53] [54] [55] [56] [57] Equally important, successful exfoliation would demonstrate that these techniques can be extended beyond familiar materials such as graphene, BN and TMDs.
In this paper we demonstrate that solvent exfoliation can be applied to the layered oxide MoO3. The exfoliation of MoO3 powder gives large quantities of nanosheets in a range of common solvents. We describe the optimisation of the exfoliation procedure and reveal that nanosheets of different sizes can be controllably produced. Raman and photoluminescence spectroscopy show the material to be undamaged by the exfoliation process and confirm the exfoliated nanosheets to have electronic properties distinct from those of the bulk. Finally, we demonstrate the formation of films of MoO3 nanosheets. By adding small quantities of carbon nanotubes, these films can be fabricated into supercapacitor electrodes with a capacitance of up to 540 F/g.
RESULTS AND DISCUSSION

Solvent dependence
To investigate the possibility of solvent exfoliation of uncharged layered oxides such as molybdenum trioxide, we sonicated as-received MoO3 powder in a broad range of solvents 6 (initial MoO3 concentration, Ci =1 mg/mL, sonication time, ts =15 mins) and centrifuged the resulting dispersions to remove any unexfoliated material. We note that the centrifugation regime must be carefully chosen (see methods) to avoid effects due to variation of viscosity among solvents (centrifugation time, tCF =50 min, centrifugation rate =1.5 krpm, i.e. ~240g).
Transmission electron microscopy (TEM) characterisation showed all dispersions to be rich in 2D nanosheets such as the one displayed in figure 1B inset. We recorded optical absorption spectra for all dispersions and take the measured absorbance per cell length (A/l) at 375 nm as a metric for dispersed concentration. We found A/l to vary over 3-4 orders of magnitude for the solvents studied. Shown in figure 1A is a graph of measured A/l versus the Hildebrand solubility parameter of the solvent, S. This parameter is defined as the square root of the solvent cohesive energy density 58 and is well known to influence solubility for both molecular [58] [59] [60] and nanoscale solutes. 16, 17, 22, 39, 61 The experimental results display a welldefined peak centred at S~20-21 MPa 1/2 . We note that the best performing solvents were N- Flake length plotted versus sonication time (Ci=300 mg/mL, f=1.5 krpm, tCF =2 hrs)). Inset:
Typical flake (ts=5 hrs).
Fitting equation 1 to the data in figure 1B, gives extremely good agreement and shows NS  =20. The data presented in figure 1B allows us to choose from a range of solvents when exfoliating MoO3. For the subsequent study, we focus on 2-propanol (IPA) rather than the solvents quoted above, simply because it is beneficial to work with due to its low toxicity and boiling point. However, to optimise the exfoliation/dispersion procedure, it is necessary to determine the effect of processing parameters such as centrifugation (CF) conditions, initial
MoO3 concentration and sonication time on the properties of MoO3/IPA dispersions.
Processing parameters
We initially performed experiments to assess the effect of CF rate and time on the concentration of MoO3 dispersions. The dispersions in IPA were sonicated (ts =2 hrs, Ci =50 mg/ml) and then centrifuged at different speeds (expressed as rotation rate, f) for a range of times. As shown in figure 1C , optical absorbance spectra depend strongly on the centrifugation speed (for fixed CF time, tCF = 65 min). At low rotation rate, the spectral features are superimposed on a broad background generally attributed to light scattering. 16, 70 When increasing the centrifugation velocities, both scattering background and concentration are reduced as larger aggregates are removed from the dispersion. Similar behaviour (not shown) can be observed for dispersions centrifuged at a fixed rate for various times with the background decreasing as CF time is increased. We can summarise this behaviour by plotting the absorbance (375 nm) versus CF time for different CF rates in figure 1D . In analogy to the behaviour previously observed for sedimentation of graphite/graphene dispersions, we can fit these curves with a bi-exponential decay, 71 where the decaying components represent two unstable species in our system in addition to a stable component. The unstable species can be separated into a slowly sedimenting phase and a fast sedimenting phase. 18 These can be associated with large, unexfoliated grains of powder sedimenting quickly and mid-sized exfoliated nanosheets which would sediment more slowly. 18, 72 Within this scheme, the absorbance decays with time as
where (A/l)0 represents the absorbance of the stable phase while (A/l)1 and (A/l)2 represent the initial absorbance of the fast and slow sedimenting phases, respectively. In addition, 1
and 2 represent the sedimentation time constants of these phases, respectively. We found short and long time constants in the range 2-10 and 10-100 min, respectively ( figure 1D inset With knowledge of the centrifugation velocities and times required for the production of stable dispersions, it is important to maximise the dispersed concentration. To address this, we prepared dispersions for a range of initial MoO3 concentrations (IPA, ts =2 hrs, f=1.5 krpm (~240g), tCF=110 mins). We plot the absorbance after CF versus Ci in figure 1E , observing a linear increase in the MoO3 concentration up to Ci=100 mg/mL. Above this, the system begins to saturate, as the limit of the concentration of the solute stably dispersible in IPA is approached. For the following investigations, we fixed the initial concentration at 300 mg/mL.
It is also important to assess the effect of sonication time. We sonicated MoO3 powder in a large volume of IPA (100 mL), removing aliquots at various sonication times which were subsequently centrifuged (Ci =300 mg/mL, 1.5 krpm (~240g), tCF =110 mins). We found the dispersed concentration (expressed as A/l) to increase sub-linearly with sonication time (figure 1F), consistent with figure 1G inset is a TEM image of a typical MoO3 nanosheet (3 krpm, ~950g). We measured the mean flake length, L, for a number of CF rates ( figure 1G ). The flake length decreases from ~100 nm to ~40 nm as the rate is increased from 1.5 to 10 krpm (~240g to 10500g). Interestingly, the nanosheet length falls off as
In order to probe whether nanosheet size changed with increasing sonication times as a result of potential sonication induced scission, 74 the mean flake lengths were measured for a number of sonication times ( figure 1H ). No significant reduction in flake sizes was recorded up to sonication times of 8 h suggesting that sonication induced scission is not occurring over the range of sonication times studied.
It is worth noting that these flakes are small relative to other exfoliated layered materials. Under similar centrifugation conditions, solvent-exfoliated graphene and MoS2 nanosheets have been produced with mean lengths of ~1 m and ~0.3 m respectively. 16, 24 We argue that, even though we do not observe sonication induced scission occurring, it does in fact control the observed MoO3 nanosheet size. 74 Lucas et al. 74 have shown that, after extensive sonication, the length of dispersed carbon nanotubes reaches a terminal value, Lt, which is related to nanotube strength, B, as
, where k is a constant. We have already demonstrated that the size of solvent exfoliated graphene and MoS2 nanosheets is consistent with this mechanism. 70 It is possible that this terminal length is reached early in the experiment described in figure 1H , perhaps before ts=2 hrs. For this to be the case, the MoO3 itself (i.e. the intra-layer bonds) would have to be relatively weak. Using data for graphene flakes, sonicated in NMP, which appear to have reached terminal length (Lt~800 nm, B~130 GPa), 24, 75 we estimate: k~210
m. Assuming the terminal length for MoO3 is ~100 nm (figure 1H), this predicts the strength of MoO3 nanosheets to be ~2.5 GPa. This is considerably smaller than the accepted values of graphene and MoS2 (130 and 23 GPa), 75, 76 but larger than that of mica (250 MPa). 77 In fact the strength of MoO3 may be limited by the presence of oxygen vacancies (see below). Thus, we believe sonication-induced scission to be a potential source to explain the small mean size of dispersed MoO3 nanosheets.
In summary, sonication of MoO3 powder in IPA can give reasonable quantities of stably dispersed small (~100 nm) nanosheets within moderate preparation times. Optomised processing parameters are as follows: Ci= 300 mg/mL, ts= 5 hrs, f=1.5 krpm (~240g), tCF=110
mins. Processing using these conditions gives a dispersion with A/l=109 m -1 . By filtration and weighing, we found this to correspond to a concentration of 0.17 mg/mL. We note that, even though the yield of the liquid phase exfoliation of MoO3 is low (<0.1 %), the concentrations achieved are well in a range suitable for further processing (e.g. the formation of composites as demonstrated below). In fact, they are comparable to maximum concentrations in the case of early work on graphene exfoliation. 17 Furthermore, the nonexfoliated material is not lost, as it can be subjected to further sonication based exfoliation runs to recycle the sediment.
Size selection of nanosheets
This optimised procedure yielded exfoliated nanosheets with typical lateral dimensions of 100 nm  40 nm. We denote this material small-MoO3 or s-MoO3 and will characterise it below in detail. However, as shown in figure 1G , even smaller flakes can be obtained by centrifugation at higher rates. We have prepared very small nanosheets by centrifugation at 5000 rpm (~2600g) which we will also characterise in detail. These we denote very small-MoO3 or vs-MoO3. Alternatively, larger flakes can be prepared by a controlled centrifugation procedure. 70, 78 The size-selection procedure for larger flakes involves a short initial centrifugation at low rpm to first remove unexfoliated powder in the sediment. The supernatant is then subjected to a second longer (or faster) centrifugation step to precipitate exfoliated material of larger sizes (while keeping the smaller exfoliated flakess-MoO3 -in the supernatant). The sediment can then be redispersed in fresh solvent yielding a dispersion of larger flakes (l-MoO3). This material will also be studied in detail. In all cases dispersions were prepared using isopropanol and Ci = 300 mg/mL, ts=5 hrs, f = 1.5 krpm, tCF = 2 hrs.
Shown in figure 2A is a photograph of dispersions of vs-MoO3, s-MoO3 and l-MoO3 in IPA. These dispersions are visually different: while the large nanosheet dispersion resembled a colour similar to that of the initial white powder, the smaller nanosheets yielded a faint blue colour in dispersion. Because the preparation procedure was designed to remove all unstable material, we expect the s-MoO3 and therefore also the vs-MoO3 dispersions to be stable. However, we expect the dispersions of l-MoO3 to be less stable because they were produced by centrifugation of the nanomaterial at only 1,000 rpm (~100g). To test this, we performed sedimentation analysis, measuring the dispersion absorbance as a function of time over 300 h in a purpose built sedimentation apparatus. 71 The data presented in figure 2B shows s-MoO3 to be relatively stable with only 8% of the dispersed material sedimenting over this time. Surprisingly, the vs-MoO3 was slightly less stable with ~20% fallout over 300
hrs. Conversely, the l-MoO3 was unstable with ~75% sedimentation over 300 hrs. However, sedimentation is slow enough in all cases to allow further processing, for example to make films.
TEM analysis
TEM analysis was performed on vs-MoO3, s-MoO3 and l-MoO3 by depositing a few drops of each dispersion onto TEM grids. In all cases, large numbers of quasi-2D objects were seen with typical examples shown on figures 2 C-E. We also performed high-resolution TEM (HRTEM) imaging, as shown in figure 2 F-H. These images clearly reveal the MoO3 crystal lattice, evidencing the exfoliated material to be of high structural quality. Analysing each FFT (Fast Fourier Transform) confirmed the structure to be consistent with the layered alpha phase of MoO3. [79] [80] [81] In addition, the lattice orientation could be determined: the viewing direction is roughly along the b-direction (i.e. the direction perpendicular to the nanosheets)
while the a-and c-directions are noted in the images. We note that MoO3 is unstable under the electron beam. This can be observed in both image and the FFT through the broadening and doubling of the peaks in the c-direction, as can be seen in figure 2F and 2H. As a result, it is important to avoid over-exposure to the electron beam, as this may result in an reduction of the MoO3 through Magneli phases to MoO2. 46 From the low resolution TEM images, we measured the length, L, and width, w, of ~100 nanosheets per sample. This data is plotted in figure 2I and clearly shows the length to scale approximately linearly with the width, suggesting a well-defined L/w ratio. In addition, it confirmed that the lateral sizes scale as expected with vs-MoO3 < s-MoO3 < l-MoO3. From this data we calculate the mean lengths and widths which are plotted in figure 2J . The mean nanosheet lengths were 61 nm, 108 nm and 378 nm for vs-MoO3, s-MoO3 and l-MoO3, respectively. The mean width was perfectly proportional to the mean length giving a mean L/w ratio of 2.7, independent on nanosheet size. This well-defined L/w ratio can be attributed to the structure of individual MoO3 monolayers. 47 
AFM analysis
One of the advantages of using IPA as a solvent is that, due to its high volatility, it greatly facilitates deposition of nanosheets on surfaces, allowing the study of flake size and thickness by atomic force microscopy (AFM). This has the advantage over TEM in that it can give information about flake thickness, t, as well as length and width. However, because nanosheet aggregation can occur during deposition, it is important to ensure that flake size statistics are not strongly influenced by aggregation effects. Thus, only nanosheets that were clearly not reaggregated on the substrate were included in the statistical analysis of length, width and thickness. Shown in figure 3A are examples of an aggregated (left) and unaggregated (right) flake. For each sample type we imaged large numbers of flakes (figure 3A-C) and measured L, w and t for ~100 unaggregated flakes. First, we plotted the mean lateral size (i.e. L or w ) against the equivalent value measured by TEM ( figure 3D ). We found the agreement to be almost perfect (perfect agreement indicated by dotted line). However, fitting showed the AFM sizes to be ~20 nm larger than those from TEM (solid line). This is consistent with broadening due to tip-convolution effects. In any case, this implies the AFM data to be free of Given that the TEM data revealed that Lw  , we focus on the L and t data.
Plotted in figure 3E is a graph of nanosheet thickness versus length. There are a number of significant pieces of information in this graph. First the nanosheets' thicknesses scale as vsMoO3 < s-MoO3 < l-MoO3 with mean thicknesses of 14 nm, 21 nm and 80 nm respectively.
For the vs-MoO3, the thinnest nanosheets have t~3-4 nm, consistent with only a few stacked
MoO3 monolayers (for s-MoO3 and l-MoO, the thinnest flakes are 7.5 and 14 nm respectively). In addition, the thickness scales in proportion to the length for all measured nanosheets suggesting the presence of a well-defined L/t ratio with a mean value of 6.6. This means that, on average MoO3 nanosheets have dimensions that scale as L:w:t=6.6:2.5:1. This shape is illustrated by the inset cartoon in figure 3H and shows these objects to be closer in shape to nano-bricks than nanosheets.
However, the proportionality of length and thickness is probably not a fundamental relationship. It is more likely that the thickness is related directly to the nanosheet area and so indirectly to the length (and width). The energy required to exfoliate a MoO3 crystallite is expected to scale linearly with the crystallite area. Thus, for a given amount of energy available, we expect a large-area crystallite to be exfoliated to give fewer, thicker nanosheets compared to a small area crystallite which should give more, thinner nanosheets. Thus, we expect the flake thickness to depend on the area as a monotonically increasing function. To explore this, we plot the flake thickness versus the approximate flake area, A, (estimated from A=Lw, figure 3F ). We find a well-defined relationship, consistent with tA  . As
A=Lw and Lw, this is of course consistent with tL.
With these AFM results in mind, we can consider the possibility of obtaining monolayer MoO3 by liquid exfoliation. The data in figure 3E suggests that when exfoliation is performed in IPA, nanosheets with lateral size of ~8 nm should be monolayer. It may be possible to produce such small nanosheets by sonication induced scission and/or size selection. 24, 78, 82 In addition, such objects would be 2-dimensional quantum dots with potentially interesting optical properties. 
Formation and Characterization of Films
To gain further insights in the structural properties of our material, the dispersions were filtered onto alumina membranes to form films which were characterised using scanning electron microscopy (SEM) and Raman spectroscopy. Shown in figure 4A -C are photographs of filtered films of vs-MoO3, s-MoO3 and l-MoO3 respectively. The colour difference observed in the dispersions is clearly evident in the filtered material. We analysed the surface of all three film types with SEM ( figure 4 D-F) . While the films are homogenous over long length-scales, they consist of disordered arrays of nanosheets over short length-scales.
Thin films such as those in figure 4A-C are ideal for characterisation by a number of spectroscopic techniques. Shown in figure 4G are Raman spectra (ex=532 nm) of filtered films of vs-MoO3, s-MoO3 and l-MoO3 nanosheets in comparison to the starting powder. It has long been known that the Raman spectrum of MoO3 is particularly rich in information, providing insight into phase, crystallite size, content of oxygen vacancies and stoichiometry of the material. 83 All four spectra in figure 4G display 
Photoluminescence
The analysis of nanosheet size given above suggests that all but the smallest nanosheets are actually thick enough to be considered bulk-like. However, it is possible that the exfoliation process involves a comprehensive exfoliation step followed by a degree of reaggregation in solution. In this case, the observed nanosheets may in fact be restacked objects with inter-layer coupling that is considerably weaker than for bulk crystallites. This weak coupling may be caused by trapped inter-layer solvent, resulting in electronic properties significantly different to bulk MoO3. In order to probe whether the degree of exfoliation influences the electronic structure of the MoO3, we have performed photoluminescence (PL) measurements of both dispersions and dried filtrates prepared from them. As the photoluminescent response is sensitive to the electronic structure of the material, we expect photoluminescence to reveal any electronic structural differences between exfoliated nanosheets and bulk MoO3. Bulk MoO3 is a wide band gap semiconductor (band gap >3 eV) exhibiting reasonable fluorescence. 80, 88, 89 It has been previously demonstrated that oxygen vacancies, impurities and defects create additional states between the valence and conduction band resulting in a reduction of the optical band gap yielding typical fluorescence features centered around 400-450 nm (2.75-3.1 eV). 80, 88, [90] [91] [92] [93] [94] Accordingly, it has been suggested that photoluminescence on MoOx (where x3) films provides a valuable handle to probe crystallinity, stochiometry and even surface roughness of the samples. 91 However, the broad near-band edge emission at < 400 nm usually obscures the lower energy features which are characteristic of sample quality. We would like to emphasize that this is in marked contrast to previous observations on MoO3 nanorods colloidally dispersed in ethanol: in this system, the weak PL observed in the dried powder was absent in the solvent system. 94 In the case of the vs-MoO3 dispersion, the PL intensity is reduced by approximately a factor of 2 compared to s-MoO3 and l-MoO3 and an additional feature evolves at lower wavelength, possibly pointing to an alteration of the electronic properties due to edge effects.
The Raman spectra presented in figure 4 G make irreversible changes in the MoO3 structure associated with the processing procedure unlikely. However, to categorically rule out the possibility that these new PL features represent such changes, we filtered the dispersions described above through porous membranes to give films (see below for details).
We measured PL maps for each of these films ( figure 5 F-H This data clearly shows that the photoluminescence is highly sensitive to the exfoliation state of the nanomaterial. This suggests the degree of exfoliation to be more complete than that concluded from the exfoliated nanosheets' thicknesses and may mean the nanosheets consist of multiple restacked sub-units, perhaps separated by residual solvent.
Furthermore, this implies that the photoluminescence can be in turn used to assess the exfoliation state of the material.
Applications as supercapacitor electrodes
One of the most important advantages of liquid exfoliation is that it facilitates solution processing, leading to the facile production of structures that would otherwise be timeconsuming or even impossible to prepare. For example, the production of thin films from solution-processed nanosheets is much faster and easier than would be the case using other methods. 16 More importantly, liquid exfoliation allows the production of more complex arrangements such as polymer/nanosheet or nano-material/nanosheet composites. Examples of the latter material type are mixtures of different types of 2D materials or combinations of 2D materials with 1D nano-structures such as nanotubes. 16, 42, 95 These composites have been shown to be useful in applications such as battery electrodes 42 and thermo-electrics. 16, 35 In the following section, we demonstrate the advantages of liquid exfoliation of were prepared and formed into composite thin films for testing as supercapacitor electrodes.
Such composites are known to retain properties of the 2D matrix yet display conductivities which can be varied over 9 orders of magnitude. 16, 35, 95 Previously, similar systems have been used to improve the properties of MoS2-based Li-ion battery electrodes 42 and TMD-based thermoelectric materials. Shown in figure 6B is an SEM image of the surface of such a composite (25wt% SWNTs). This clearly shows excellent mixing of SWNTs and MoO3 nanosheets which should facilitate charge transport throughout the electrode. In addition, the electrodes have a degree of mesoporosity which is required to allow access of electrolyte to the internal surface of the MoO3. 97 We measured the electrical conductivity of such composites as a function of SWNT mass fraction, Mf ( figure 6C ). The conductivity remained unchanged until a nanotube content of ~3 wt% where it underwent a sharp increase, reaching ~1000 S/m for 25wt% nanotubes.
This behaviour is consistent with percolation theory; the sharp increase is associated with the formation of the first conducting paths of networked nanotubes which extend through the film. 108 Such percolation effects have been observed for a range of systems including graphene/MoS2 and SWNT/MoS2 composites. 95 The conductor loading level where the first conducting path occurs is known as the percolation threshold, Mf,c. Above this, the conductivity scales approximately as
where t is the percolation exponent. Strictly speaking, this expression should be written in terms of volume fraction rather than mass fraction. 108 However, this approximation works reasonably well up to ~30 wt%. The percolation exponent is often observed to be close to 2.0, 109 the so-called universal value. 108 Setting t=2.0, the solid line in figure 6B shows the data to be consistent with percolation theory with Mf,c=3 wt%. This value is very similar to that found for SWNT/MoS2 composites. 95 Composite electrodes of vs-MoO3, s-MoO3 and l-MoO3 mixed with SWNTs were prepared and their charge storage properties investigated for a range of SWNT contents (1-25 wt%). Figure 6D shows CVs measured for 15 wt% composites prepared with vs-MoO3, sMoO3, and l-MoO3 (dV/dt=10 mV/s). For each sample, the capacitance per unit mass of the electrode associated was ~200 F/g, representing a 100-fold increase relative to the capacitance of a MoO3-only electrode.
These results warrant a more detailed investigation into the properties of MoO3/SWNT supercapacitors. We measured CVs at a range of scan rates for composite supercapacitor electrodes prepared from all three MoO3 types with nanotube contents from 0- 24 25 wt%. Figure 6E shows the measured gravimetric capacitance plotted versus scan rate for s-MoO3. Electrodes with a SWNT content below 3 wt% had small capacitance that fell from ~20 F/g at 0.1 mV/s to <1 F/g at 100 mV/s. We can summarise the supercapacitor data by plotting the capacitance (dV/dt=10 mV/s) as a function of SWNT content in figure 6F . For each of the MoO3 types, the behaviour is roughly the same. For low nanotube contents, below the percolation threshold (~3 wt%), the capacitance is relatively low (1-6 F/g). However, between 2.5 and 5 wt%, the capacitance increases sharply, saturating at ~200 F/g for mass fractions greater than 5 wt%.
We note that this sharp increase occurs exactly at the percolation threshold implied by the data in figure 6C . This clearly shows that the sharp increase in capacitance is related to the onset of electrical conductivity which occurs as the first conducting paths through the films are formed.
We note that this increase cannot be attributed to contributions from the capacitance of the SWNTs themselves. We measured the capacitance of a SWNT-only film finding ~2 Percolation-based phenomena are highly non-linear. For example a small change in nanotube content can result in an extremely large change in conductivity as shown in figure   6C . This also clearly applies to capacitance which displays a rapid increase around 3 wt%.
Because of this, it will be possible to engineer composite supercapacitor electrodes with extremely large capacitance changes on the addition of very small amounts of nanotubes.
Indeed, the percolation threshold associated with composites filled with 1-dimensional nanoconductors is known to scale with the ratio of conductor diameter to length. 114 Thus, by using extremely long, yet narrow SWNTs, the percolation threshold could be supressed to occur well below 1 wt%. Indeed this behaviour is not limited to MoO3-based systems. SWNTs (or graphene) can be used to dramatically improve the capacitance of a range of low conductivity, solution-processable nano-materials such as manganese or nickel oxide. 103, 107 By tuning the percolation behaviour, significant performance increases will be achieved at very low nano-conductor content. This work clearly underlines that solvent exfoliation can be applied to materials beyond the accepted group comprising graphene, BN and transition metal dichalcohenides.
We believe this is the first step toward the demonstration of the generality of this exfoliation concept. By following similar protocols, we envisage exfoliation of a wide range of van der Waals bonded layered materials from other layered oxides and III-VI materials (GaS, InTe etc) to more exotic materials such as layered metal halides and beyond. This will allow us to study the physical and chemical properties of a vast range of new 2D materials and may facilitate a range of previously inaccessible applications. We are convinced that this approach will inspire the development of advanced applications of 2D layered materials.
METHODS
Materials
Molybdenum trioxide powder (99.98%, CAS 1313-27-5) and all solvents used were purchased from Sigma Aldrich at the highest available purity. P3 SWNT's were purchased from Carbon Solutions. All reagents were used as received.
Dispersion of MoO3 nanosheets
Initial solvent screening: 1 mg/mL MoO3 was sonicated in 10 mL of the respective solvent for 
Film formation, electrochemical and electrical measurements
Composite dispersions were filtered onto a nitrocellulose membrane and dried at room temperature. These films were subsequently transferred onto an aluminium electrode coated in an adhesive polymer (polyethylenimine (PEI)) using the transfer method of Wu et al. 115 and the film thickness was determined by profilometry. The electrochemical electrode was cut out of this larger aluminium electrode using an 18 mm diameter punch. The sample electrode was then placed in an EL-cell in a half-cell configuration using a Li-ion based electrolyte (1 M LiClO4 in propylene carbonate) in an atmosphere controlled glove box. Li foil was used for both counter and reference electrodes. Electrochemical testing was performed using a Reference 600 Gamry potentiostat. Capacitance was calculated from the cyclic voltammagrams by integrating the current passed during the negative sweep, and dividing by the voltage range used (2V). The capacitance was normalised to the mass of the electrode material (MoO3 + SWCNT, typically ~0.7 mg). Electrical conductivity was calculated using a four probe method with a Keithley 2400 source metre. Silver electrodes were used where the electrode spacing's were typically on the order of a millimetre.
Characterisation and Equipment
29
Optical absorbance was measured on a Varian Cary 5000 in quartz cuvettes with a pathlength of 1 cm. If necessary, the dispersions were diluted by pure solvent immediately prior to the measurement to yield optical densities below 1.5. Centrifugation was performed using a Hettich Mikro 220R centrifuge equipped with a fixed angle rotor 1060. We quote centrifugation rates both in terms of rpm and relative centrifugal force, RCF (relative to g=9.8 ms -2 ). For this centrifuge these parameters are related via Atomic force microscopy (AFM) was carried out on a Veeco Nanoscope-IIIa (Digital Instruments) system equipped with a E-head (13 μm scanner) in tapping mode after depositing a drop of the dispersion (10 μL) on a pre-heated (100 °C) Si/SiO2 wafer with an oxide layer of 300 nm. Typical image sizes were 2.5-5 μm at scan rates of 0.4-0.6 Hz. Bright field transmission electron microscopy imaging was performed using a JEOL 2100, operated at 200 kV while HRTEM was conducted on a FEI Titan TEM (300 kV). Holey carbon grids (400 mesh) were purchased from Agar Scientific and prepared by diluting dispersion to a low concentration and drop casting onto a grid placed on a filter membrane to wick away excess solvent. Statistical analysis (both AFM and TEM) was preformed of the flake dimensions by measuring the longest axis of the nanosheet and assigning it "length" then measuring an axis perpendicular to this at its widest point and assigning it "width".
Photoluminescence was acquired on a Fluorolog-3 spectrometer (Horiba Scientific) with a thermoelectrically cooled R928P photomultiplier tube detector. The samples were excited with a 450 W Xe lamp with a double monochromator in excitation (600 grooves/mm, 500 nm blaze grating). A slit width of 3 nm in both excitation and emission was used with a dwell time of 0.3 s. All spectra were corrected for the light intensity at a given wavelength recorded with a reference diode. Solid samples were measured in front phase in 45 ° angle from the starting powder or filter papers, respectively. Dispersions were probed in right angle in 0.4x1cm quartz cuvettes after dilution to an optical density of 0.4 at 365 nm.
SEM analysis was performed using a Zeiss Ultra Plus. Raman spectroscopy was performed using a WITec alpha 300 with 532 nm excitation laser and a laser power of < 1 30 mW. In all cases spectra shown are an average from a line scan consisting of 25 individual measurements.
